The condensation of half-light half-matter exciton polaritons in semiconductor optical cavities is a striking example of macroscopic quantum coherence in a solid state platform. Quantum coherence is possible only when there are strong interactions between the exciton polaritons provided by their excitonic constituents. Rydberg excitons with high principle value exhibit strong dipole-dipole interactions in cold atoms. However, polaritons with the excitonic constituent that is an excited state, namely Rydberg exciton polaritons (REPs), have not yet been experimentally observed. Here, for the first time, we observe the formation of REPs in a single crystal CsPbBr 3 perovskite cavity without any external fields. These polaritons exhibit strong nonlinear behavior that leads to a coherent polariton condensate with a prominent blue shift. Furthermore, the REPs in CsPbBr 3 are highly anisotropic and have a large extinction ratio, arising from the perovskite's orthorhombic crystal structure. Our observation not only sheds light on the importance of many-body physics in coherent polariton systems involving higher-order excited states, but also paves the way for exploring these coherent interactions for solid state quantum optical information processing.
The metal halide perovskite CsPbBr 3 is selected as the exciton host. Compared to hybrid organic-inorganic halide perovskites, all-inorganic CsPbBr 3 exhibits superior chemical stability and emission efficiency (31) . Fig. 1d shows typical absorption spectra of a CsPbBr 3 crystal on mica at 100K in its thermodynamically stable orthorhombic phase (see additional characterization in Materials and Methods; Fig. S1 , S2 and S3) (28) with clear absorption peaks (E 1 and E 2 ), consistent with the recent studies (18, 20) . According to DFT in the orthorhombic phase ( Fig. 1e) , there is only one exciton formed in the band edges of CsPbBr 3 , where all other electronic are separated by more than 1eV. The E 1 and E 2 peaks as the ground and first excited states (Rydberg series = 1, 2) of the only exciton series are identified by the observed energy separation between the two absorption peaks, their temperature dependences ( Fig. S2 ) and the reported exciton binding energy (26) . The orthorhombic phase also results in the mutually orthogonal birefringence along the a and b crystalline axes ( Fig. 1c, 1e ).
To investigate the strong light-matter interactions in these excitonic states, we embedded the CsPbBr 3 microplate in a Fabry-Perot planar cavity (Fig. 1a) , where the a and b axes are orthogonal along the inplane surface. With the full cavity structure, the in-plane wavevector k of the cavity mode is also along this surface ( Fig. 1a inset) . As shown in Fig. 1b , the microplate transferred onto a DBR substrate has a uniform thickness of 416 nm (Fig. S1 ) and a typical square shape. Our cavity provides a quality factor in excess of a thousand, derived from the off-resonance cavity linewidth ( Fig. S6 ) as well as polariton linewidth from Fig. 2 . This high cavity quality assists the formation of a REP, owing to the sharp interface between the perovskite and the metal mirror ( Fig. S1 ) as well as the reduced metal absorption losses at cryogenic temperature (32) .
The coherent coupling of these states and cavity photons is revealed by k-space spectroscopy ( Fig. S12 for more details), when the sample is first cooled down to 90K. The k-space characterization is carried out with selective linear polarization for both photoluminescence (PL) and reflectivity measurements (see Fig. 2 ).
The PL measurements are taken using a non-resonant pump laser of 460 nm diagonally polarized between a and b axes (at a 45°, as shown in Fig. 1b ), while the reflectivity measurements are carried out using a nonpolarized tungsten halogen white light source. When the detection polarization is set along the a axis, two dispersive modes are observed from both PL ( Fig. 2a ) and reflectivity ( Fig. 2d ), identified as newly formed polariton states. Although k-space reflectivity has lower color contrast (low reflectivity dips of less than 10%) than PL, they have clear one-to-one correspondence for these polariton states. Both of these polariton modes are distinctively flattened at larger emission angles, indicating that the two excitonic states are strongly coupled with the cavity modes. By applying a coupled oscillator model with the two excitonic states and a cavity mode at slightly positive detuning ( 1 5 meV a cav a EE     ), the lower and middle branches (labeled as LP a and MP a , and overlaid with PL for better visibility) are consistent with the PL and reflectivity dispersion ( Fig. 2a and 2d , see the model fitting analysis in Supplementary Note 1, additional supporting data in Fig S4 and Fig. S6 , and the Hopfield coefficients in Fig. S10 ). The upper branch (UP a and UP b ) dominated by the photon mode component is not visible due to its weak oscillator strength and widely detuned cavity resonance, further aggravated in many cases by fast polariton relaxation (27) . These two excitonic states corresponding to the = 1, 2 states are confirmed to be in the strong coupling regime based on the temperature-dependent measurements (Fig. S5 ). The three-branch polariton dispersion holds up to 150K, below which the = 1, 2 states can be resolved with large binding energy and oscillator strengths. The polariton dispersion becomes two-branch above 150K, beyond which only the ground = 1 state can be resolved. Based on the measurements of a variety of samples, the red shift of the exciton energy levels relative to Fig. 1 is due to sample-to-sample variations, PL Stokes shifts, and temperaturedependent band edge shift (see more details in Fig. S2, S3 ; Materials and Methods), consistent with previous reports (13) . Thus this observation implies coherent strong coupling between light and an exciton excited state without an external field for the formation of REP. The extracted energy splittings (37.4 meV between LP a and MP a , and 29.6 meV between MP a and UP a ) are much larger than the polariton linewidth (~ 3 meV), demonstrating robust coherent coupling.
A similar PL dispersion has also been observed when setting the detection polarization along the b axis. By applying the same coupled oscillator model, the modes along the b axis are confirmed as strongly coupled REPs (labeled as LP b and MP b ). Note that the polariton dispersion here is distinct from the a axis because of anisotropic refractive indices for the cavity modes, and different oscillator strengths along the two axes.
When the detection polarization is along the a-b diagonal, the k-space PL map in Fig. 2c shows both sets of polarion dispersions linearly superimposed, suggesting that they are mutually orthogonal to each other.
The independence of these polariton states is also seen in the PL intensities of each polariton branch (LP a , MP a , LP b and MP b ) in Fig. 2f with strong angular dependence (extinction ratio >50) along the a and b axes, respectively. Thus, these polaritons show extremely strong polarization anisotropy originating from the perovskite refractive indices.
The polaritons can reach the nonlinear polariton condensation regime at large population densities of these S10 for further discussion of exciton fractions). It is worth noting that the original parameters for the Rydberg levels in the coupled oscillator model have to be blue shifted for these REPs, indicating an energy modification caused by the excitonic interactions (35, 36) . The effect is prominent until P th . Importantly, the PL intensity of LP a increases dramatically, compared with LP b . When the pump power is increased slightly over P th to 1.4 P th , a full collapse of k-space PL dispersion into the bottom of LP a , accompanied with a super-linear intensity increase and a large blue shift, suggesting that a condensate of these polaritons may have been reached. Moreover, the condensation process is also revealed by the lifetime data and statistics analysis ( Fig. S7 and S8 ).
We perform further analysis to confirm polariton condensation. In Fig. 3b the PL intensity of LP a along the normal emission angle and the corresponding linewidth versus pump power are plotted on log-log and linear-log scales. The "S" shaped L-L curve of the PL intensity is divided into three regimes: the linear regime where polariton interactions are insignificant, a super-linear regime with a dramatic narrowing of linewidth due to the stimulated interactions between REPs, and the condensate regime in which most of REPs share the same lowest LP a state (4) . Note here that the average exciton density of perovskite devices at P th is ~ 25 times lower than the exciton Mott density of the devices. This further justifies our interpretation of the non-equilibrium steady state as an exciton-polariton condensate rather than a normal photonic laser (see Supplementary Note 2 for more details).
In contrast to conventional polariton condensation, where only one polariton mode responds to the nonlinear interaction process(4,6,7), here strong exciton-exction interactions also lead to a unique condensation dynamics with multiple polariton modes involved. In Fig. 3c , the PL intensities of both LP a and LP b are plotted versus pump power. Below the threshold, the intensities of LP a and LP b increase with pump power independently. Due to the mutually orthogonal polarizations, these two modes barely crosstalk in the linear regime. This can be confirmed by the intensity ratio between LP a and LP b below threshold shown in the solid black spheres of Fig. 3c . When the pump power exceeds threshold, the increasing density of LP b does not contribute to the PL of LP b , but directly interacts with other polaritons to establish the LP a condensate.
This dynamic process is elaborated in our theory analysis based on dissipative Gross-Pitaevskii equations (GPEs) in which LP a is thermodynamically favored over LP b when the stimulated scattering reaches a more stable final-state (Supplementary Note 3). The final condensation on the LP a mode also suggests an efficient way to pin the polarization of the condensation, distinct from the stochastic polarization (37) .
The strong interaction of the REPs in the nonlinear regime is also evident in the blue shifts of these polariton energies. This blue shift does not come from a heating effect at higher pump powers, as indicated by the similar shift under different pump conditions with significantly reduced heat (see control experimental data in Fig. S9 ). The PL peak positions are extracted as a function of pump power for both LP a and LP b (Fig.   3d ). Below the threshold, both polariton modes show noticeable blue shifts due to small disorder effect and the reservoir repulsive exciton-polariton interactions even when the densities are not large (35, 36, 38) .
Above the threshold, repulsive polariton-polariton interactions become more prominent causing the REP modes to show strong blue shifts. Though the potential renormalization will blue shift the condensation of LP a as expected, the blue shift is quite significant while the LP b intensity is saturated here. This suggests that polaritons of the LP b modes actively contribute to the stimulated scattering process once the power is above the threshold ( Fig. 3c , and Supplementary Note 3). We emphasize that the blue shift in both modes is almost 1/3 of the Rabi splitting, indicating very strong polariton interactions with the participation of Rydberg excitonic states. We have developed a theory model based on mean-field theory considering shortrange exchange contributions and the dissipative GPEs to describe this large blue shift with ground state excitonic interactions (Supplementary Note 3 and 4, dot-dot-dash lines in Fig. 3d ). Though exchange interaction between 2s excitons is surprisingly attractive rather than repulsive (details in the Supplementary Note 3), the 2s exciton fraction in the LP is significant smaller than 1s exciton which makes this negative contribution negligible. It is worth noting that a detailed theory with quantitative analysis including dipoledipole interactions (16) and inter-exciton interactions (1s-2s interactions) and accurate experimental calibration of polariton density to get the better estimate of interaction strength are beyond the scope of the current work. This experimental observation of REP with enhanced interactions promises future explorations of Rydberg interactions in solid state systems.
In summary, we have surprisingly discovered REPs in a single crystal perovskite cavity, which enables coherent control of these fine quantum states. The intrinsic strong exciton interaction and optical birefringence in perovskite leads to the observation of polariton-condensation dynamics, which promises a robust macroscopically coherent state for quantum applications. This discovery presents a unique platform to study quantum coherent many-body physics, and potentially enables unprecedented manipulation of these Rydberg states by new means such as chemical composition engineering, structural phase control, and external gauge fields. Controlling the REP and its condensates not only adds new flavors on studying polariton lasing, superfluidity and vortices; but also holds great potential for important applications, such as communication, and quantum simulation. With the inclusion of spin-orbit coupling, the PBE calculated band gap is corrected to 2.5 eV by G0W0, agreeing well with the experiments. Importantly, unlike GaAs, CsPbBr 3 has no degenerate or nearby band states at conduction or valance band edges (Γ point). Fig. 3 as discussed later is also similar.
In the sample of Fig. 3 , the detuning is much more positive so that the lower branches have more than 65% excitonic fraction, implying strong Rydberg interactions for polariton condensation. At As the pump power increases to 0.4 Pth, a strong blue shift is observed in Fig. 3 .
We attribute this primarily to the excitonic blue shift from excitonic interactions. It is also worth noting that the blue shift after threshold is almost an order of magnitude stronger than ref. 28 of the main text, indicating a much stronger polariton polariton interaction. In the coupled oscillator model, we assume the cavity modes do not shift and the effective refractive indices do not change.
The exciton energies here are 11 
where R is the reflectivity of the cavity's top mirror, t is sample thickness, A is the absorbance of the perovskite crystal, Ip is the average pump power, fp is the pulsed laser repetition rate, ℏω is the pump photon energy and r is the pump beam radius.
Note here such an equation overestimates the exciton density because it does not consider the exciton quantum yield (i. e. what fraction of the absorbed photons turn into excitons). Ip needs to be normalized with the corresponding quantum yield. The exciton quantum yield can be greatly decreased by the cavity fabrication process, mainly due to possible quenching centers at the interfaces of the layered structures. The external PL quantum yield of the sample is a good indicator of the exciton quantum yield. The highest PL quantum yield achieved in our CVD grown perovskites is ~50%. The quantum yield of our perovskite samples drops to ~5% with Al seeding layers ( Fig. 2 and Fig. 3 ), and can be improved to ~40% with a 10 nm Sb2O3 seeding layer. We have measured 8 samples, 3 of which are from the Al seeding layer experiments (one typical example is described in the main text) and 5 from Sb2O3 seeding layer (one typical example is described in Fig. S6 ). By taking the statistics of all the measured samples, the normalized Ip is averaged to around 800 uW (12 MW/cm 2 effective pump peak density or 2.4 μJ/cm 2 pulse energy, after taking the Ag mirror reflectivity and absorption into consideration) for our pulsed femtosecond laser with a repetition rate of 80 MHz. Given the experimentally determined top Ag mirror Reflectivity R ≈ 96% and Absorption Aag  24% and perovskite layer absorption A ≈ 50%, the estimated upper limit of the average 3D exciton density at threshold is 15 3 3.7 10 cm   , which is more than 25 times smaller than the Mott density at our experimental temperature. This estimation further justifies our claim of exciton polariton condensate in a perovskite microcavity.
Supplementary Note 3: Mode competition LP a and LP b polariton modes
We elaborate here on the mode competition discussed in the main text. Strong exciton-exction interactions are well known as the driving force to realize polariton condensation. Larger exciton fractions of polariton (or in another word, smaller photon fractions of polariton) will certainly facilities the polariton-polariton interaction. Because of the more positive detuning of the polariton LPb mode, it has a smaller photon fraction, a stronger exciton-exciton interaction, and thus a kinetically favorable gain coefficient as the pump power initially increases. As the pump power increase continues, some complex internal nonlinear effects, such as inhomogeneous gain saturation, start to kick in and the LPb mode gain become smaller than the gain of the thermal dynamically lower energy LPa mode. Thus, the crosstalk between the two orthogonal lower polariton modes of LPa and LPb can be simply viewed as a competition between the kinetically favorable metastable state LPb and the thermal dynamically favorable state LPa.
Condensate behavior is normally modelled by a dissipative Gross-Pitaevskii equation (GPE) (9):
In this simple phenomenological model, the polariton dispersion is approximated by a parabolic shape with effective mass In practical experiments, for the single crystal of the perovskite samples, the inhomogeneity is generally very small. For small pump spot sizes of ~ 4 μm, the distribution can also be approximated to be uniform. Thus one can further simplify the model by ignoring the spatial dependence of both lower polariton and exciton reservoirs so that the equations can be written as:
Where the polariton density wave function is written as: RR R g g n  .
For the system described in the manuscript, one can write a similar phenomenological GPE model: Un, which is a linear function of polariton density in the low density limit. For the threebranch 1s exciton-2s exciton-photon model, we have to numerically compute the polariton interaction strength based on the exciton fraction. In order to make a comparison with the experimental observed blue shift, we crudely estimate that the exciton density is 50% of the total excitation density (12) and that all these excitons contribute to the hybridized polariton. By assuming that 3D excitons are uniformly stacked by 2D excitons, we can convert the pumping power to an effective 2D polariton density for a and b polarization at a given exciton/polariton ratio. All the measurements share the same settings and the small peak at P=0.05 Pth ~200 ps is random detector noise. Figure S8 . Polariton occupancy in ground-(k=0) and excited-state levels. Polariton occupancy distribution of LPa branches, obtained from data in Fig. 3 , at 0.05 Pth, 0.4Pth, Pth and 1.4Pth pump power. Below the excitation threshold, the LPa polariton occupation follows Boltzmann-like exponential decay; while above threshold, the ground state of LPa k=0 becomes massively occupied, which is a typical signature of BEC state formation (13, 14) . 
